Natural killer (NK) cells recognize deranged cells that display stress receptors or loss of major histocompatibility complex (MHC) class I. During development, NK cells become "licensed" only after they encounter cognate human leucocyte antigen (HLA) class I, leading to the acquisition of effector function. NK cells can be exploited for cancer therapy in several ways. These include targeting within monoclonal antibodies alone or combined with ex vivo and in vivo NK cell activation to facilitate adoptive immunotherapy using donor-derived NK cell products to induce graft-vs-tumor effects. In the adoptive transfer setting, persistence and in vivo expansion requires lymphodepleting chemotherapy to prevent rejection and provide homeostatic cytokines (such as IL-15) that activate NK cells. IL-15 has the advantage of avoiding regulatory T-cell expansion.
Introduction
The use of cellular immunotherapy has increased significantly over the past two decades. Discoveries in basic NK cell biology, together with growing clinical experience in the setting of hematopoietic cell transplantation (HCT), have placed NK cells along a trajectory of translational development. A deeper understanding of the interactions between active and suppressive immune cells in response to infected or malignantly transformed cells has been critical in the development of NK cell therapies for cancer. Major clinical advances include the use of cytokines to activate NK cells in vivo [1] [2] [3] , use of monoclonal antibodies to redirect or enhance NK cell function [4] [5] [6] , adoptive transfer of T cells or natural killer (NK) cells with anti-tumor activity [7, 8] and engineering adoptively transferred cells with artificial receptors specific for particular cell surface tumor antigens [9] [10] [11] .
This review is focused upon the clinical utility of NK cells in patients with hematologic malignancies. We will review NK cell biology, the role of NK cells in hematopoietic cell transplantation, the rationale for using NK cells in cancer therapy, strategies to activate and expand NK cells and advances in adoptive transfer of autologous or allogeneic NK cells to treat cancer. Methods to optimize NK cell expansion and alloreactivity and limitations of current approaches are also considered, as are novel therapies intended to exploit unique properties of NK cells to advance cancer treatment. The ultimate goal of NK cell research is to transition from ex vivo isolation, expansion, and activation to optimizing therapeutic efficacy in appropriately selected patients.
NK cell biology
Overview of NK cell phenotype, development, and receptors Natural killer cells are innate lymphocytes with the capacity to recognize cells that have undergone viral infection or malignant transformation. They are so named for their "natural" ability to kill cancer cells without prior sensitization [12] . As demonstrated in patients lacking functional NK cells, they are important for defense against a variety of cancers and viral infections [13] [14] [15] . NK cells develop in the bone marrow [16] and then home to secondary lymphoid tissues where they undergo distinct developmental intermediates [17] [18] [19] . In humans, they are defined by the expression of the surface marker CD56 and the lack of the T cell marker CD3. NK cells account for 10-15% of peripheral blood lymphocytes. The CD56 subset can be further divided into "bright" and "dim" populations. CD56 bright cells are primarily located in secondary lymphoid tissues and are thought to support adaptive immunity through secretion of cytokines [20] . CD56 dim NK cells are the cytotoxic population and comprise approximately 90% of the NK cells circulating in the peripheral blood. In addition to their cytolytic capacity, CD56 dim NK cells can also rapidly release cytokines upon receptor-mediated crosslinking [21] . They are dependent on the cytokine IL-15 for development, as demonstrated by their absence in mice lacking this cytokine, receptor or signaling pathway [22] [23] [24] [25] .
NK cell receptors
Unlike T or B lymphocytes containing somatically rearranged receptors specific for antigens, NK cells contain a germ line-encoded set of receptors governing both their development and function. These receptors transmit either activating or inhibitory signals. Integration of all of these downstream signaling pathways dictates how an NK cell will respond when interacting with its target. The most notable inhibitory receptors are the killerimmunoglobulin like (KIR) receptors that recognize human leukocyte antigen (HLA) class I proteins (HLA-A, -B, and -C). Individuals may have up to 15 KIR genes. These genes differ in both their extracellular and intracytoplasmic domains [26] . Discovery of antibodies recognizing the extracellular portion of inhibitory and activating KIR were pivotal to further studies investigating the mechanisms of NK cell mediated killing [27] [28] [29] . The extracellular domain of a KIR receptor determines which HLA class I molecules an NK cell can recognize. The intracytoplasmic domains can transmit either an activating or inhibitory signal. Inhibitory KIR contain immunoreceptor tyrosine-based inhibitory motifs (ITIMs) which, upon phosphorylation, recruit tyrosine phosphatases that inhibit cellular activation. In contrast to inhibitory KIR, activating KIR have a shorter intracellular domain that noncovalently associates with the signaling adapter DAP12 which contains an immunoreceptor tyrosine-based activation motif (ITAM). The ligands for the activating receptors are incompletely understood.
The 15 KIR genes reside in a single complex on chromosome 19 . These genes are stochastically expressed throughout development [30, 31] and are dependent on DNA methylation status. Treatment with DNA methyltransferase inhibitors is known to increase KIR transcript levels [32] . The [49, 50] .
One of the most potent mechanisms of NK cell activation is through the Fc receptor (FcγRIIIA, CD16) via a process called antibody-dependent cellular cytotoxicty (ADCC). Antibodies crosslink CD16 on the surface triggering a rise in intracellular calcium, activation of NFAT, production of cytokines (IFNγ, GM-CSF) and degranulation. Understanding the receptors dictating NK cell function is fundamental to advancing NK cell cancer therapeutics.
Missing-self hypothesis and licensing
NK cells in peripheral blood are thought to have a short half-life of less than 10 days. However, they are continually replenished through differentiation from hematopoietic stem cells [51] . During this interval, immature NK cells must undergo an education process leading to a functional NK cell maintaining tolerance to "self" but also with the ability to recognize "non-self." NK cells express inhibitory KIR receptors specific for MHC class I antigens in a stochastic and variegated manner. They become functionally competent only after they encounter self-HLA molecules (e.g. HLA-C1, -C2, -Bw4) during a process termed "licensing" [52] [53] [54] , or NK cell education. About 10-20% of NK cells remain "unlicensed". These cells lack receptors that recognize self MHC and are consequently functionally hyporesponsive [55, 56] . However, such cells can become activated by endogenous cytokines or cytokine administration and therefore have the capacity to become allo-reactive upon adoptive transfer and homoeostatic proliferation in a recipient environment. This occurs after donor transplantation or adoptive transfer in both matched and mismatched HLA recipients. HCT recipients who receive grafts mismatched between inhibitory KIR and cognate HLA class I ligands have a higher proportion of allo-reactive NK cells.
As NK cells undergo this developmental process they can be separated into different stages based on expression of several surface markers [20] . After they have obtained functional competence, they then exit the bone marrow or secondary lymphoid tissue to survey secondary sites. The mechanisms of education remain under investigation.
NK cell function
NK cell "licensing" depends on having inhibitory KIR recognizing self-HLA ligands. The level of KIR expression on NK cells directly correlates with function against malignant targets [57, 58] . There are four major NK cell functions: 1) secretion of cytokines/ chemokines (interferon-γ, TNF-α, RANTES, MIP1-α and -β), 2) direct cytotoxicity by release of perforins and granzyme, 3) target killing through apoptotic pathways using FasL and TRAIL receptors and 4) target killing through antibody-dependent cellular cytotoxicity. Blocking any of these pathways often results in a decrease in NK cell-mediated killing. Several cancers have evolved mechanisms to subvert these pathways and NK cell mediated recognition [59] [60] [61] . Interferon-γ is one of the most important cytokines secreted by NK cells and serves as an crucial bridge in forming adaptive immune responses [62] . It serves to upregulate death receptors and stress ligands on target cells. Cytokines such as IL-2, IL-15, IL-12, IL-18, and IL-21 activate NK cells in vitro and enhance NK cytotoxicity against malignant cells [3, 63, 64] , even if these NK cells are "unlicensed". The use of cytokines, while promising, can be limited by in vivo competition with other lymphocyte populations. [8] . This challenge can be partially overcome by implementing lymphodepleting chemotherapy to "create space" or with higher doses of cytokines, but both approaches increase risk of systemic toxicity. Because cytokines are essential for the in vivo survival and expansion of adoptively transferred cells, methods that improve patient safety are prerequisite.
The role of NK cells in hematopoietic stem cell transplantation

NK cell alloreactivity in allogeneic HSCT
Natural killer cells were initially recognized for their ability to lyse leukemic cells in mice [12, 65] . In 2002, Ruggeri et. al. demonstrated superior disease-free survival in acute myologenous leukemia (AML) patients receiving bone marrow grafts from HLAhaploidentical donors who expressed KIR receptors which bound to MHC class I molecules absent in the host (i.e., KIR ligand mismatch in the graft versus host (GVH) direction) [66] . They also had a decreased incidence of graft versus host disease (GVHD). The probability of survival in KIR-ligand mismatched patients was 65% at 5 years versus only 5% for those without a predicted alloreactive NK repertoire.
In the missing self-model, donor NK cells express inhibitory KIR receptors for which HLA class I molecules are missing in the recipient. When transferred (or developing from HSCs in vivo) these NK cells become alloreactive as they are not restrained by MHC class I. Interestingly, the effect is mostly limited to patients with AML. In a large cohort of over 2000 T cell-replete, HLA-matched unrelated hematopoietic cell transplant (HCT) recipients, we found that lack of at least 1 KIR ligand in the recipient led to less relapse from AML and chronic myeloid leukemia (CML). In another large study of 1770 patients, Hsu and colleagues used HLA-C group 1, group 2, and Bw6 as markers of missing recipient ligands, finding a beneficial effect on post-transplantation relapse from leukemia. Although not all studies agree, this effect is likely due to differences in donor source, T lymphocyte content and post-transplant immunosuppression [67] [68] [69] [70] With better understanding of KIR immunogenetics, we and others began to investigate KIR genotype and outcomes in HCT. KIR genes can be divided into two main haplotypes, A or B [34] . The A haplotype consists of predominately inhibitory KIR and a single activating KIR, KIR2DS4. The B haplotype contains both inhibitory and several activating KIRs that can be further subdivided into two separate regions, centromeric (Cen) or telomeric (Tel). Activating KIR, such as KIR2DS1, are likely involved in the anti-leukemia effects of NK cells. It has been shown that signaling through this receptor can overcome inhibitory signals mediated by NKG2A [71, 72] .
McQueen and Parham were the first to report that transplants from KIR A/A donors into B/x recipients led to decreased survival in HLA-matched, T cell-replete sibling transplants [73] . When using T cell-depleted grafts, the KIR B haplotype (genes for KIR2DS1, KIR3DS1, and KIR2DL5A) reduced the rate of relapse and improve overall survival [74] . This effect was specific for AML. In larger patient cohorts, it has been shown that those who received transplants from donors homozygous for the centromeric B haplotype (Cen-B/B, containing more activating KIR) have improved outcomes. In 1409 patients with AML undergoing transplantation, Cooley et.al. found that donors with KIR-B haplotypes had lower rates of relapse with improved overall survival [33] . These data are currently being evaluated in a prospective trial to select the "best" donors using KIR immunogenotype in patients with AML for whom unrelated donor HCT is planned (see ClinicalTrials.gov and search NCT01288222).
In HCT, manipulating NK cell function during immune reconstitution could further enhance the graft-vs-leukemia (GVL) effects. While NK cells are the first lymphocyte subset to recover (prior to T cells), the earliest cells to reconstitute resemble CD56 bright NK cells and are functionally immature, expressing high levels of NKG2A/CD94 and lower levels of inhibitory KIR [75, 76] . Foley et. al. found that regardless of stem cell source (unmanipulated, CD34+ selected, or umbilical cord blood UCB), NK cell function is suppressed early on during recovery. In each of the groups the ability to produce IFN-γ in response to malignant target cells was suppressed. NK cell function typically recovers 6 months post-transplantation except in the UCB donor group [57] . This difference is consistent with observations that NFAT expression (which drives IFN-γ production) is lower in UCB-derived lymphocytes [77] . In these and other studies, KIR expression correlated with improved function and supports the model of high affinity KIR-HLA allotype interactions leading to enhanced functional capacity. Interestingly, it has also been demonstrated that T cells in the graft may play a role in NK cell development and KIR expression [57, 78, 79] . Whether this process is solely dependent on T cell help and IL-2 production remains to be established [80] .
CMV has a profound effect on NK cell reconstitution after HCT
A more recently appreciated variable in transplant responses is the expansion and enhancement of donor NK cell function following reactivation of cytomegalovirus (CMV) [81] . Although this potentially fatal pathogen is a concern in immunosuppressed patients, its presence may be beneficial in patients with AML. CMV typically lies latent in endothelial and myeloid cells and can reactivate to cause life-threatening illness in immunocompromised individuals. Patients remain at risk until they seroconvert and establish suppressive adaptive immunity through development of antigen-specific T cells and the production of CMV-specific antibodies. This fails to occur in the immunosuppressed state and therefore such patients require rapid identification and anti-viral therapy. A number of groups have recently reported that CMV reactivation early on following allogeneic transplant leads to reduced relapse in AML [82] [83] [84] . In one report, CMV reactivation did not appear to be detrimental to overall survival. Patients with CMV reactivation showed a decrease in the rate of leukemic relapse at 10 years from 42% to only 9%. In cases where all of the donors are CMV naïve, such as in umbilical cord blood (UCB) transplantation, CMV reactivation leads to enhanced reconstitution of functional NK cells [85, 86] .
Several groups have reported induction of long-lived, or "memory-like", NK cells in response to CMV infection [86, 87] . NK cells are traditionally thought to be short-lived cells [51] without antigen specificity. However, in response to mouse CMV (mCMV) infection, murine NK cells expressing the Ly49H receptor undergo a proliferative phase that is dependent on the mCMV antigen m157. The expanded cells then undergo a contraction phase to establish a pool of long-lived memory-like cells that persist for at least 70 days. This pool of memory cells also shows enhanced expansion and effector function following a secondary challenge with virus.
In humans, a clonal population of NK cells expanding in response to CMV infection expresses the activating receptor NKG2C, self-inhibitory KIR and CD57. Unlike the mouse, a CMV-specific ligand for NKG2C has not been identified. These human NK cells also show enhanced function, including cytokine production, direct cytotoxicity, and ADCC [81, 85] . It remains to be shown whether NKG2C + cells induced by CMV reactivation play a direct role in the graft-vs-leukemia (GLV) effect and protection from relapse. If NKG2C + NK cells were shown to be the optimal population for anti-leukemic activity, it would be worthwhile to explore this differentiation in the adoptive transfer setting as well.
CMV has a powerful effect in shaping the immune response. Such knowledge suggests the possibility that CMV vaccine strategies may mimic this effect. This approach is currently under study.
NK cells for cancer therapy
NCI trials provide lymphodepleting platform for adoptive immunotherapy
In pioneering studies at the NCI, Rosenberg and colleagues infused melanoma and renal cell carcinoma patients with autologous peripheral blood cells treated ex vivo with IL-2. The product was enriched with NK cells and named "lymphocyte activated killer" (LAK) cells. High dose IL-2 was administered to patients after LAK infusions to promote their in vivo persistence and activity. In a subsequent trial, the NCI group adoptively transferred in vitroexpanded autologous tumor-infiltrating lymphocytes (TILs) to 20 patients with metastatic melanoma. Objective responses were observed in 11 patients. Given the limited persistence of the transferred tumor-specific T-cells in vivo, a second course of TIL cells was infused following lympho-depleting chemotherapy combining high dose cyclophosphamide with fludarabine [88] . Objective responses were observed with TILs in patients with melanoma. These and other studies have contributed important new knowledge: 1) high-dose IL-2 used in vivo with the goal of activating NK cells has significant but manageable toxicity owing to severe capillary leak syndrome, whereas low-dose subcutaneous IL-2 was well tolerated, 2) lymphodepleting chemotherapy using high-dose cyclophosphamide and fludarabine facilitated in vivo expansion of autologous adoptively transferred cytotoxic T lymphocytes and lead to enhanced efficacy,3) chemotherapy induces lymphopenia, changes the competitive balance between transferred lymphocytes and endogenous lymphocytes, changes the cytokine milieu and depletes inhibitory cell populations (T regulatory cells [Tregs] ) [8, [89] [90] [91] .
Autologous NK cells with IL-2
At the University of Minnesota, we first tested the use of low dose IL-2 daily to expand NK cells after autologous HCT in patients with non-Hodgkin lymphoma and breast cancer. Later, we activated autologous NK cells ex vivo with IL-2 for 24 hours, infused them into patients and administered daily subcutaneous IL-2 [92] . Although analysis of these phase II autologous NK cell studies showed limited efficacy, they did yield important findings: 1) IL-2 can be administered safely at daily or 3 times weekly intervals, 2) IL-2 can induce an increase in circulating cytotoxic lymphocytes with a disproportionate increase in NK cells and, 3) recipient lymphocytes can compete for cytokines and "space". Concurrently, the role of inhibitory KIR receptors expressed on the surface of NK cells was becoming clearer. Autologous NK cells were unlikely to kill tumors because of inhibitory signals delivered by self-MHC, leading the field to test the use of allogenic NK cell therapies.
Adoptive transfer of allogeneic NK cells 4.3 NK cells to treat acute myeloid leukemia-In the initial studies testing allogeneic NK cells in a non-transplantation setting, we compared two preparative regimens for optimal in vivo expansion (71) . Family-related HLA haploidentical donors were used. Apheresis products were CD3-depleted and activated with 1000 IU IL-2 ex vivo for 24 hours. Patients received either low dose fludarabine for five days (25 mg/m 2 /day) or high dose cyclophosphamide for two days (60 mg/kg/day), followed by the same dose of fludarabine (Hi-Cy/Flu) prior to NK cell infusion. This regimen was chosen on the basis of an NCI platform in which lack of a preparative regimen depleting host hematopoietic cells (lymphoid and myeloid) limited survival of adoptively transferred cells. IL-2 was administered daily (1.75 million units/m 2 ) for 14 days (subsequently modified to 6 higher doses [10 million units without m 2 correction] over 2 weeks). Only patients receiving HiCy/Flu had in vivo detectable donor-derived NK cells which persisted in peripheral blood by day 14. A marked increase in IL-15 concentration (up to 100 pg/dl) was detected in patients receiving Hi-Cy/Flu but not with fludarabine alone [89] . In addition, we reported the inverse correlation between the absolute lymphocyte count and the IL-15 concentration (r=0.62, pvalue < .0001). These data suggest that decreasing numbers of mature lymphocytes, which utilize IL-15, can result in elevated plasma IL-15 concentrations. This approach allowed for optimal homeostatic proliferation of infused NK cells through depletion of host lymphocytes functioning as cytokine "sinks" [8, 88] . Aside from the expected toxicities associated with IL-2 administration, infusion of allogeneic NK cells appears safe without an increased risk of GVHD. Notably, 5 out of 19 patients with poor prognosis AML went into complete remission. Leukemia clearance correlated with the persistence and in vivo expansion of donor NK cells after adoptive transfer, which was assessed using a PCR-based chimerism assay for informative donor HLA alleles not present in the background of the recipient. Following enrollment of 23 additional patients with advanced AML, 10% of the subjects met criteria for successful NK cell expansion. Our group has prospectively defined successful expansion as measurement of >100 donor NK cells/µL of peripheral blood at day +14 after NK cell infusion [(absolute lymphocyte count/µL × % of lymphocyte gate that are CD56 + /CD3 − NK cells) × (% donor chimerism using standard short tandem repeat testing)]. This proof-of-principle clinical study laid the groundwork for future trials using haploidentical NK cells in the treatment of cancer (71) . Long-term disease-free survivors included only those patients that went on to receive allogeneic transplantation. Patients not meeting transplant eligibility criteria relapsed within a year after NK cell therapy. These outcomes have guided protocol improvements discussed in section 4.4. Among additional studies of NK cell infusions following chemotherapy Rubnitz et.al. studied a small cohort of children (n=10) with intermediate risk AML who had been treated with front line chemotherapy for 5 cycles [93] . Patients then received lymphodepeleting chemotherapy with cyclophosphamide and fludarabine and NK cell infusions from a haploidentical family member followed by IL-2 for six doses. NK cells could be found in all patients after infusion, with 3 children having cells detected up to 1 month after infusion. The NK infusions were well tolerated. One patient had prolonged lymphocytopenia but no other toxicity was noted. Significantly, while these patients were expected to have a disease free survival rate of 60%, the actual rate was 100% at a median of 2 years follow-up. Because this was a pediatric study, the cell dose was relatively high. Outcomes suggest that perhaps higher doses of NK cells may be more efficacious. The fact that the NK cells were infused shortly after intensive AML therapy might also account for their persistence and possible efficacy. In another study, Curti et.al. tested allogeneic KIR ligand mismatched NK cell infusions in older AML patients (median age, 62 years; range 52-73) who had received the Cy/Flu regimen described above [94] . A transient response occurred in only one patient with active disease. Three of 6 patients in complete remission (CR) remained disease-free at 34,32, and 18 months.
NK cells and regulatory T cells
IL-2 administered to patients to expand NK cells in vivo has been observed to also expand suppressive T lymphocytes, called Tregs. Tregs express the high affinity IL-2 receptor (CD25, IL2Rα chain) and can both directly and indirectly suppress NK cell activity through either receptor-ligand interactions or by competition for IL-2 [95, 96] . Tregs also secrete high levels of TGF-β which can directly inhibit NK cell cytokine secretion and cytotoxicity [59] . Tumor derived TGF-β can also directly support the differentiation of Tregs within the tumor microenvironment. Our recent collective experience using donor-derived NK cells with IL-2 in AML and solid tumor patients suggests that future trials should incorporate strategies to interfere with suppressive elements such as Tregs and myeloid-derived suppressor cells.
In two subsequent clinical trials, we treated additional refractory AML patients with Hi-Cy/ Flu lymphodepleting chemotherapy and allogeneic NK cells. Fifteen patients also received IL-2 diphtheria toxin (IL2DT), a recombinant cytotoxic fusion protein composed of the amino acid sequences for diphtheria toxin and truncated amino acid sequences for IL-2. We designed the study to test whether IL2DT depletes Tregs and improves donor NK cell persistence/expansion. All patients tolerated this regimen well. Donor NK cells were detectable at day 7 in 10 patients (median 68% donor DNA). At day 14, 27% had successfully expanded NK cells in vivo, with median absolute donor-derived NK cell counts of 1000 cells/µL blood. These results improved upon our previous rate of 10% observed with the same regimen but without Treg depletion. In vivo NK cell expansion at day 14 correlated with the absence of a bona fide Treg population at either day 7 or day 14. Fiftythree percent of patients receiving Treg depletion with IL2DT attained complete hematologic remission. Outcomes are significantly better compared to strategies without IL2DT, suggesting that the NK cells themselves played a role in the anti-leukemia response over and above the activity of the high-dose chemotherapy preparative regimen. Results further suggest that lower donor NK cell levels or donor chimerism for shorter time intervals (e.g., day 7 but not day 14) may be sufficient for clinical response.
NK cells for other cancers
Other trials using allogeneic NK cells have targeted breast, ovarian, non-Hodgkin lymphoma and non-small cell lung cancer [97] [98] [99] [100] . Sixteen patients with high risk lung cancer were treated with haploidentical NK cells that were activated with IL-15 and hydrocortisone [98] . Patients could receive multiple infusions. Two patients demonstrated partial responses and six showed stable disease. Geller et. al. tested allogeneic NK cells in a phase II trial in 20 patients (14 ovarian cancer, 6 breast cancer). Following a non-myeloblative preparative regimen, investigators were able to detect donor NK cells 1 week after NK cell infusion in 15/19 patients. However, the absolute number of NK cells in peripheral blood was below 100 cells/µL. After a 2-week course of IL-2, mostly recipient T cells were detected. Those cells were predominantly of a Treg phenotype. Given additional data from the NCI on the role of total body irradiation (TBI) in enhancing the lymphodepleting regimen, 200 cGy TBI was added to the study protocol. Unfortunately, this did not result in better NK cell expansion because it lengthened the time to hematopoietic recovery and was judged too toxic based on excess myelosuppression. Other modifications, including addition of cyclosporine, gave no indication of improved NK cell expansion and were poorly tolerated by a few ovarian cancer patients.
In a small pilot study, we also evaluated infusion of haploidentical donor NK cells with rituximab and IL-2 for antitumor efficacy in patients with advanced chemotherapyrefractory lymphoma (including rituximab) [101] . At two months, four of six patients showed a demonstrable clinical response. We observed evidence of donor DNA in nodal sites, suggesting that donor-derived NK cells could home back to secondary lymphoid tissues. All patients showed substantial increases in host Treg after haploidentical NK cells and IL-2 therapy (180 ± 80 cells/ml at day 14 vs. baseline: 58 ± 24 cells/l, p = 0.04). This data suggests that inadequate immunodepletion and Treg persistence may contribute to a hostile milieu for NK cell survival and expansion. Although these studies proved safety and feasibility of allogeneic NK cells, lack of consistent NK cell expansion and interference of a tumor-induced suppressive environment remains a major barrier to clinical application.
NK cell production under Good Manufacturing Practice (GMP) conditions
Our NK product has changed over the years. Given the safety of apheresis methods for the donor, we have replaced a 3-hour apheresis product with a 5-hour product depleted of T cells and B cells using CD3 and CD19 beads. GMP cell processing resulted in a significant reduction of T cells in all products, decreasing to < 1% following CD3-depletion, yielding a final T cell dose of <3 × 10 5 cells/kg. There was an average of 40-fold less T cells than NK cells. Monocytes (sometimes >50%) comprised the other major component of the final product. While monocytes express IL-15 receptor alpha important for trans-presentation of IL-15, we do not yet understand their contribution to successful adoptive transfer. Although 5-hour apheresis allows for enhanced NK cell doses up to 20 × 10 6 cells/kg, definitive studies need to be done to determine if differences in dose have an effect. In using ex vivo expanded products, up to 1 × 10 8 cells/kg have been infused without major toxicities [102] . Depletion of CD3 cells below 0.1% prevents transfer of T cells leading to GVHD. Depletion of CD19 + B cells prevents passenger lymphocyte syndrome and autoimmune phenomena. We observed passenger lymphocyte syndrome in 2 patients prior to B-depletion [103] . We also recognized that transfer of EBV-transformed B cells leading to donor-derived posttransplant lymphoproliferative disorder could be prevented.
Strategies for NK cell expansion
Ex vivo expansion methods
Because NK cells comprise only 10-15% of PB lymphocytes and their isolation requires a costly selection process, several groups have developed methods to expand NK cells in vitro [100] . Initially, this approach used cytokines which proved successful but predisposed the NK cells to activation-induced cell death when in contact with the vascular endothelium [104] . IL-15, however, does not exert this effect on expanded NK cells. Instead, it promotes their survival and expansion [2] . Over the years, alternative methods of expansion have been developed using human-derived feeder cells. Pioneering groups including Campana, June, Lee, and Cooper have explored the use of artificial antigen-presenting cells (aAPCs) to markedly activate and expand the NK cells ex vivo [105] [106] [107] . The use of more standardized feeder lines provides a clinically amenable and genetically modifiable system. Impressively, these cell lines can expand NK cells from PB of patients 500-to 1000-fold in a matter of weeks. The aAPCs have been further modified with costimulatory molecules including CD137 ligand and membrane-bound cytokines such as IL-15 or IL-21. The expanded cells have an activated phenotype maintaining high-level surface expression of KIR, activating receptors, and CD16. They produce large amounts of cytokines and are potent mediators of cytotoxicity [106] [107] [108] . However, problems have emerged. At the end of the expansion period, the NK cells appeared to become "exhausted". They also demonstrated replicative senescence and a shortening of telomere length [109] . Lee et. al. were able to overcome this by modifying the aAPCs with a membrane-bound form of IL-21 that out-performed the membrane-bound IL-15 based APC while also maintaining telomere length [107] . An additional practical problem is that NK cell therapy is most feasible with patient specific or off-the-shelf frozen products. With either strategy, frozen products demonstrate diminished function, decreased expression of surface receptors and lower survival after thawing. It remains unclear how the activated and expanded cells will behave in vivo, especially in relation to persistence and homing. These cells change shape in culture and demonstrate alterations in adhesion receptor profiles important for in vivo targeting to tissue sites. Although adhesion receptors can be re-engineered through genetic modification [108] , the procedure requires increased effort and costs. Moreover, such products may have a shorter half-life in vivo. To evaluate potential differences in survival and homing, we recently compared freshly isolated versus ex vivo-expanded NK cells using aAPCs expressing membrane-bound IL-15. By adoptively transferring 1 × 10 6 NK cells in NOD/SCID/γc −/− mice, followed by post-infusional IL-15, we found the survival of ex vivo-expanded NK cells decreased by 90% 1 week after cytokine withdrawal in contrast to a 45% decrease when using freshly activated NK cells (IL-2 activated overnight). It is possible that longterm culture with aAPCs leads to a state of cytokine "addiction". Several clinical trials in progress are utilizing these different expanded products [100] . Optimization of cytokines in vivo using IL-15 to enhance NK cell survival may improve product efficacy [1] .
Other groups have taken different approaches to generate NK cells for clinical use. Some Epstein-Barr virus (EBV)-infected cell lines have been shown to dramatically expand and activate NK cells, yielding up to 500-fold expansion over 21 days [110] . An alternative approach for NK cell expansion utilizes co-culture with an acute lymphoid leukemia cell line that is resistant to lysis [111, 112] . These investigators found a key aspect of this mode of NK activation and expansion involves the ligation of CD2 on NK cells by CD15 on the target cells [112] . Interestingly, even frozen lysate from this cell line can activate and expand NK cells. (see ClinicalTrials.gov and search NCT00720785 and NCT01520558) [113] .
Research groups have also attempted generation of "memory-like" NK cells through brief pre-activation with a cytokine combination including IL-12, IL-15, and IL-18 [64, 114] . Sun et. al. demonstrated the presence of a long-lived population of NK cells with enhanced recall potential in CMV infection [87] or during homeostatic proliferation [115] . The persistence of "memory-like" NK cells in murine models is encouraging and the technique is quite simple. We and others have discovered similar phenotypes in humans infected with CMV, hantavirus, or Chickungunya virus [85, 86, [116] [117] [118] [119] . To investigate the influence of these findings on possible graft versus tumor effects, Romee and colleagues at Washington University have initiated a clinical trial using cytokine-induced memory-like NK cells (see ClinicalTrials.gov and search NCT01898793).
Enhancement of NK cell activity using antibodies
Use of monoclonal antibodies to enhance immune cell recognition of tumor cells ranks among the major cancer treatment advances of the past decade [4, 6] . Monoclonal antibodies function in a several ways that include complement fixation, induction of antibody dependent cytotoxicity (ADCC) and induction of aberrant signaling. The isotype IgG1 subclass is most commonly used for antibody therapeutics because it has proven highly effective at stimulating activating Fc receptors on NK cells, neutrophils and macrophages (i.e., ADCC). Currently, 13 FDA approved monoclonal antibodies are available for cancer therapy. That list continues to expand [120] . Technology enhancements are focused primarily upon improving their ability to stimulate cytotoxic effector cells through modification of the Fc region, decreasing immunogenicity or reducing the level of complement activation [120] . Monoclonal antibodies have been generated against a variety of tumor antigens and tested in clinical trials in AML (CD33), breast cancer (CEA,TAG-72, ERBB2/3), ovarian cancer (mesothelin, MUC1), neuroblastoma (GD2), lymphoma (CD20, CD30), and others [55, 120, 121] . In hematological malignancy, the most effective monoclonal antibody is rituximab, which targets the B cell antigen CD20. Rituximab is now a standard of care for patients with CD20-expressing malignancies, including nonHodgkin's lymphoma (NHL) and chronic lymphocytic leukemia (CLL). Other antibodies typically used to treat solid tumors are directed at aberrantly expressed tyrosine kinase receptors such as HER2 or the epidermal growth factor receptor (EGFR) [6, 122] . In those few instances when such antibodies are used following HSCT, timing of administration is important because the first NK cells to recover are similar to CD56 bright cells and have lower levels of CD16 expression [57] .
In addition to utilizing antibodies to stimulate NK cells through ADCC, several groups have been interested in using monoclonal antibodies to enhance NK cell activity by blocking inhibitory KIR receptors (see ClinicalTrials.gov and search NCT01687387) [5, 123] . These antibodies appear safe and do not cause autoimmunity. Many tumors, particularly solid tumors, are resistant to NK cell-mediated killing because they express high levels of MHC class I molecules on their surface. Because ligation of KIR receptors delivers a powerful inhibitory signal to the NK cell, blocking this interaction could help NK cells overcome inhibition mediated by HLA class I molecules. When used in combination therapy, as discussed below, potential effects may include utilization of anti-KIR monoclonal antibodies, tumor-targeted antibodies and other checkpoint blockade therapeutics to mobilize endogenous NK cells for optimal therapy. At the appropriate stage of immune reconstitution or in the setting of adoptive transfer, co-administration of these reagents and cytokines may enhance the graft-vs-tumor effect [122, 124, 125] .
Enhancement of antibody activity by preserving CD16 expression
Our group recently demonstrated that activated NK cells lose expression of CD16 and the homing receptor CD62L through a disintegrin and metalloprotease-17 (ADAM17) [126] . This CD16 receptor shedding is mediated by ADAM17 cleavage between Ala 195 and Val 196 [127] . Pharmacologic inhibition of ADAM17 enhanced CD16-mediated NK cell function by preserving CD16 on the surface, thus intensifying killing of rituximab coated lymphoma cells. Notably, ADAM family enzymes including ADAM10 and ADAM17 are highly expressed in lymphoma tumor stroma. Lymphoma-associated stress ligands (such as ULB, MICA, MICB and B7-H6) are also ADAM17 protease targets [128] . Findings suggest that novel therapeutic targets such as ADAM17 merit clinical investigation to assess augmentation of the efficacy of monoclonal antibody-dependent NK cell tumor cell killing.
Antibodies to redirect "unlicensed" NK cells
Recent data supports the importance of monoclonal antibodies to activate "unlicensed" NK cells. Hsu et. al. reported on a novel observation in a cohort of patients with neuroblastoma being treated with an anti-GD2 monoclonal antibody targeting the disialoganglioside surface antigen. Typically, "unlicenced" NK cells (i.e., those lacking self HLA ligands for their inhibitory KIR receptors) are thought to be hyporesponsive and developmentally immature [56] . The Hsu study showed that neuroblastoma patients lacking HLA class I ligands for inhibitory KIR receptors had significantly higher survival rates when treated with the anti-GD2 antibody. This effect was mediated through cytokine-mediated upregulation of self HLA molecules on the tumor cells and blockade of NK cells expressing inhibitory KIR. This observation suggests that the clinical benefit of the endogenous NK cell population was being mediated by the unlicensed portion of NK cells following crosslinking of CD16. It is likely that this situation may be present in other malignancies, including those treated with rituximab, which have been shown to have differing responses to NK cell-mediated ADCC dependent on the level of HLA class I expression [129] . Alternatively, the addition of monoclonal antibodies directed against the inhibitory KIR receptors may prove to block this attenuated response [5, 130] .
Future perspectives
Genetic modification and alternative sources of NK cell products
To overcome limitations of the donor-derived NK cell therapies, several groups have investigated alternative donor sources including UCB, NK cell lines and pluripotent stem cells. If cryopreservation can be optimized, the prompt availability of an off-the-shelf product represents a significant step forward. Additional advantages include the ability to perform preclinical testing and to select for donors based on favorable characteristics including optimal KIR-genotype [131] .
UCB-derived NK cells
UBC progenitors provide a rich source of hematopoietic progenitor cells and serve as an important in vitro system for studying the development of human NK cells [132] . Clinically appropriate doses of UCB-derived NK cells can be generated without the use of feeder cells [106, 133] . NK cells generated from UCB contain a mixture of immature and mature cells that produce cytokines and demonstrate cytotoxicity [116] . Development of functional NK cells (e.g. CD34 isolation, in vitro expansion) takes up to 4 weeks and requires processing in a GMP facility. Studies are ongoing and preliminary data is insufficient to assess comparative advantages. Yoon, et. al, have tested an approach using CD34 + cells from adult donors. Fourteen patients received donor-derived NK cells that were differentiated in vitro in the presence of stem cell factor, FLT3 ligand, IL7 and hydrocortisone (HDC), followed by IL-7, IL-15 and HDC. The infusions were given ~ 6-7 weeks after transplant in the outpatient setting [134] . Infusions were tolerated and no toxicity was observed except occasional alanine aminotransferase elevation (grade III) in two patients and development of grade II skin GVHD in one patient, although the concurrent discontinuation of immunosuppression suggests that the NK cells were not responsible.
NK cell lines
Several research teams have investigated the use of cell lines derived from malignant NK cell clones (i.e. NK-92, NKL, KYHG-1, YT, NKG). NK cell lines maintain some level of direct cytotoxic function and usually lack expression of inhibitory KIR. Because they can be grown in culture, genetic modification with different cytokine genes or chimeric antigen receptors is easily accomplished. Among the lines, NK-92 cells remain the most established and have been tested in clinical trials that include patients with renal cell carcinoma and malignant melanoma [135] . In a phase I dose escalation study treating 12 patients, investigators reported only transient toxicities and stable disease in 33% of patients. However, the in vivo activity of the NK-92 cells was difficult to establish [100] . Additional data are needed concerning the in vivo persistence of these infused lines. Because of their amenability to ex vivo manipulation, these cell lines may provide an important platform to facilitate whole-body in vivo imaging of infused cells. Appropriate technology remains to be developed.
NK cells derived from pluripotent stem cells
Pluripotent stem cells provide an additional source of NK cells. These include human embryonic stem cells (hESCs) and induced pluripotent stem cells (iPSCs) [131, 136] . New methods of iPSC generation have approached 100% efficiency, thus bringing closer the day that hematopoietic-based therapies derived from these lines become available for clinical use. A defined method for producing NK cells from hESCs and iPSCs amenable to clinical translation has been recently established [137] . By adapting a feeder-free differentiation system, mature and functional NK cells can be generated in a system amenable to clinical scale-up. Significantly, in contrast to UCB-CD34 + derived NK cells or NK cell lines, the iPSC-derived NK cells maintained high levels of KIR and CD16 expression. If KIR expression does indeed dictate acquisition of final effector function, some of the relative advantages of using iPSC-derived NK cells for anti-cancer therapies are clarified. Using this improved differentiation method, it is estimated that one 6-well plate of hESCs or iPSCs could provide enough NK cells to treat several patients at the PB-NK doses currently used [89, 137] . Other advantages include: 1) unlimited source of KIR-typed NK cells for adoptive immunotherapy, 2) high level of function in preclinical animal models and, 3) a platform genetically amenable to tailor the therapy based on the patient's cancer via tumor-specific receptors (TCRs or CARs) [138] . At the present, however, using iPSCs on a patient-specific basis is impractical. Third party iPSC-derived NK cells are subject to immune rejection in the recipient. To circumvent this limitation, specific genetic modulation must be used to decrease immunoreactivity of the infused cells [139] . Recently, Schwartz et.al. have shown the use of hESC-derived retinal pigmented epithelial cells to be safe and potentially effective in treating patients with macular degeneration, thus providing proof of concept for this cell source type [140] .
Bi-and Tri-specific antibodies
Improvements in recombinant technology and antibody production have led to a new class of therapeutics which use either all, or part, of the antibody structure to mediate enhanced effector activity at the tumor site [120] . These include the fusion of two (bi-specific) or three (tri-specific) portions of the fragment of antigen-binding (Fab) region of a traditional antibody. These reagents maintain a high level of antigen specificity, but are derived from a relatively small segment of DNA and therefore offer the significant flexibility of swapping different reagents. The reagents serve to crosslink specific tumor antigens (e.g. CD19, CD20, CD33) with a potent stimulator on the effector cell (e.g. CD3, CD16, TCR) [120, 141, 142] . The major advantage of this technology is flexibility in selecting from a number of immune effector cells (CD16 on NK cells, CD3 on T cells) as well as from a variety of tumor antigens (CD19, EpCAM, Her2/neu, EGFR, CEA, CD33, EphA2, and MCSP).
We have focused on a platform using bispecific killer engagers (BiKEs) constructed with a single-chain Fv against CD16 and a single-chain Fv against a tumor-associated antigen [143] [144] [145] . Using CD16 ×19 BiKEs and a trispecific CD16 ×19 ×22 (TriKE), we have shown that CD16 signaling is potent and delivers a different signal comparable with natural recognition of rituximab, especially in regard to cytokine production. Flexibility and ease of production are important advantages of the BiKE and TriKE platform. We have recently developed a CD16 × 33 BiKE to target myeloid malignancies (AML and myelodysplastic syndrome). One of the most remarkable properties of this drug is its potent signaling. In refractory AML, we found that CD16 × 33 BiKE overcomes inhibitory KIR signaling, leading to potent killing and production of cytokines by NK cells [144] . Interestingly, ADAM17 inhibition enhances CD16 × 33 BiKE responses against primary AML targets. These immunotherapeutic approaches will be developed for clinical testing for hematologic malignancies and will allow for NK cell activation via CD16 while approximating NK cells in direct contact with targeted tumor cells In contrast to other therapies aimed at redirecting immune cells, such as chimeric antigen receptor (CARs), the effect of bi-specific antibodies can be titrated while maintaining specificity. Thus, the likelihood of persistent B cell aplasia, which occurs with CD19 CAR-T cells, is reduced, decreasing the risk of lifelong hypogammaglobulinemia. One limitation of this therapeutic approach is the very short half-life of bi and tri -specific antibodies, which potentially limits trafficking to all tissues [142, 146] .
Drugs to enhance tumor cell visibility
Sensitizing target cells to immune-mediated killing is an attractive way to enhance the immune response. Broad sensitization through high-dose radiation and chemotherapy likely contributes to some of the successful outcomes achieved by immunotherapy. We and others have studied the proteosome inhibitor bortezomib. Classically used to treat multiple myeloma and mantle cell lymphoma, bortezomib inhibition of the proteosome sensitizes tumor cells to TRAIL-mediated killing by NK cells [110] . The TNF-superfamily ligands FASL and TRAIL are found on cytotoxic NK cells and induce target cell apoptosis through ligation of death receptors on target cells [147] . This effect appears to break self-tolerance to tumor cells and could overcome the KIR-mediated inhibition of autologous NK cells. In combination with additional agents, including anti-KIR antibodies and IL-15, optimal balance of in vivo manipulation of a patients' endogenous NK cells is theoretically possible [123] . Currently, clinical trials using lenalidomide and anti-KIR blockade in the treatment of multiple myeloma are in progress [123, 148] . Lenalidomide has previously been shown to up-regulate ligands on multiple myeloma cells for activating receptors on NK cells. Building upon this knowledge, these trials aim to tip the balance of both activating and inhibitory signals to optimize the anti-tumor effect. Additionally, drugs such as doxorubicin and the histone deacetylase inhibitor depsipeptide (FK228) have been shown to upregulate conserved death receptors Fas, TRAIL-R1/DR4, TNFR1, DR3 and DR6 [149] [150] [151] . Consequently, tumor cells are a better target for cytotoxic NK cells expressing FASL and TRAIL. While preclinical mouse studies have demonstrated efficacy using these agents, we combined bortezomib with adoptively transferred NK cells in AML cohort. We did not see significant changes in efficacy or NK cell cytotoxicity. Currently, some investigators have initiated a trial of adoptively transferred NK cells (up to 1 × 10 8 /kg) with or without bortezomib and Treg depletion [102] . In the setting of either autologous or allogeneic transfer of natural killer cells, these studies demonstrate the flexibility and importance of considering the entire immune environment.
In vivo expansion and mechanism of homeostatic proliferation
Depletion of host lymphocytes is thought to make space and cytokines available, thereby optimizing the homeostatic proliferation of NK cells driven mainly by the cytokine IL-15 [1, 115] . As serum levels of both IL-15 and IL-7 rise, this depletion allows for saturating levels on the surface of NK cells and CD8 T cells. Both are populations required for optimal tumor clearance. It remains to be shown in humans how homeostatic proliferation may promote a long-lived population of NK cells [115] . Whether these NK cells share any phenotypic or functional properties with NK cells responding to CMV reactivation is also unclear [86] . Although the non-myeloblative conditioning regimen results in serum increases of IL-15 and IL-7, the response is limited and the levels quickly drop after 1 week [89] . Because of side effects and expansion of Tregs that accompanies systemic IL-2 therapy, alternative cytokines have been sought to effectively expand lymphocytes in vivo.
The most recent advance in allogeneic NK cell therapy for AML includes an exogenous IL-15 currently being tested in Phase 1 dose escalation trials at the University of Minnesota (see ClinicalTrials.gov and search NCT01385423). Patients with refractory AML are treated with lymphodepleting chemotherapy, allogeneic NK cells and daily infusion of IL-15 for 10 days. An IL-15 dose has been identified for further study. Results are expected within 1 year.
Role for check point blockade in NK cells?
Another important of focus which may advance the field of cellular therapy is the "checkpoint" blockade. To achieve effective immune surveillance, the immunosuppressive signals generated in tumor environment and host need to be interrupted. Strategies include blocking Treg signals (TGF-β), elimination of Treg and myeloid suppressor cells (MDSCs), use of anti-KIR antibodies [5, 120, 123, 148] , or removing the "brakes" from costimulatory molecules such as programmed cell death 1 pathway (PD-1) [152] . Tumors are known to secrete cytokines, including TGFβ and IL-18, that are suppressive to both T cells and NK cells. Previous murine studies have shown that low levels of circulating IL-18 derived from tumor cells act to suppress the anti-tumor activity of NK cells. In this circumstance blockade of IL-18 through neutralizing antibody may circumvent its upregulation of PD-1 on NK cells. Others have found that IL-15 has a reciprocal function that decreases PD-1 expression in NK cells [137] . In addition to removing inhibitory signals through KIR blockade, these data suggest a role for checkpoint blockade in enhancing NK cell activity in vivo [120] .
Conclusion
Clinical use of NK cells has been inspired by recognition of their potent anticancer activity. The studies discussed above provide a solid basis for development of future NK cell trials for cancer therapy while minimizing risks and toxicities ( Figure 1 ). Important questions remain to be answered including, most urgently, determination of minimum in vivo NK cell expansion needed for clinically effective anti-tumor activity. At present, outcomes involving NK cell expansion interventions remain unpredictable. Furthermore, NK therapy for solid tumors is limited by uncertain homing and domination by an immunosuppressive, tumorinduced microenvironment which may interfere with immune responses. To advance NK cell therapies, both further study of basic NK biology as well as a better understanding of interactions with other immune cells will be required. NK cell product characteristics and effective cytokine cocktail proportions will likely vary for different tumor types and patient populations. Targeting through CD16 remains a powerful and attractive way to increase specificity, rivaling that of genetically modified T cells. Future clinical trials will be designed to exploit strategies to overcome the host immune barriers. Likewise, strategies to explore ex vivo NK cell expansion from blood, lymphoid progenitors, or pluripotent progenitor cells are being tested. In HCT, prospective studies are currently evaluating donor NK cell immunogenetics. Strategies to apply CMV-induced shaping of the immune response to enhance NK cell function are in development. Finally, NK cells can be manipulated in vivo. These modalities include monoclonal antibodies to block inhibitory KIR or stimulation of ADCC through crosslinking of CD16. CD16 can also be stimulated by using bi-or tri-specific antibodies. ADCC can further be enhanced by blocking ADAM17 activity. To further enhance NK cell expansion and activity, Tregs and myeloid derived suppressor cells (MDSCs) must be eliminated.
